This paper investigates the design of an unmanned helicopter simulation system with Matlab, and completes the development of modeling, the navigation system, device input system, control system and virtual reality system, eventually accomplishing a simulation system which can freely alternate between manned mode and unmanned mode. Based on flight tests, it is shown that the simulation and test results agree well, indicating that the simulation system accurately describes the characteristics of helicopter dynamics and the control system.
Introduction
Recently, the research and development of unmanned helicopters has attracted worldwide attention. The design of the control and navigation system is complex and critical to the whole R&D project. A simulation system for helicopters is developed to shorten the project duration and increase the safety of flight testing. Based on worldwide research on the modeling, control and navigation of helicopters, [1] [2] [3] [4] a simulation system for unmanned helicopters is developed in this paper. The guidance from the proposed simulation system effectively supports the design of helicopter controllers in the real world.
Helicopter Modeling
The development of a helicopter control system, a very important unit, commences with system modeling. The two familiar methods of system modeling are dynamics modeling and system identification modeling. Dynamics modeling involves constructing 6DOF equations based on the principles of dynamics to calculate the states of the helicopter. System identification modeling involves utilizing the specified algorithm to identify the helicopter model according to the inputs and outputs of the system. [5] [6] [7] [8] [9] The two methods above can be combined for design in spite of the fundamental difference between them. We plan to adopt the first method based on the dynamics principles to construct a mathematical model by analyzing the motion principles of the helicopter under the effect of forces acting on it.
However, it is very difficult to calculate and measure the forces and torques acting on the helicopter precisely. Though the inputs can be processed approximately or simplified with assumptions, it is a very complex procedure to compute the 6DOF equations. For the design of the helicopter controller, the input-output relationship of the helicopter system is specified for the four inputs of cyclic lateral control input, cyclic longitudinal control input, pedal control input and collective input, and the nine outputs of roll rate, pitch rate, yaw rate, roll angle, pitch angle, yaw angle, forward velocity, lateral velocity and vertical velocity. 10, 11) The modeling of the helicopter system can be simplified by means of the SimMechanics toolbox in Simulink. In the environment of the SimMechanics toolbox, the helicopter is regarded as a rigid body with defined mass, inertia, position and orientation. The four inputs are equivalent to the forces or moment acting on the system respectively. The Body Sensor block of the SimMechanics can detect the position, velocity, angular velocity and angular acceleration of the helicopter.
In the modeling system, the helicopter is divided into 3 parts separately as the fuselage, main rotor and tail rotor. In the SimMechanics toolbox, the fuselage is regarded as body block, and the main rotor and tail rotor as driven part. Then define the center of gravity, inertia, orientation and the rotation axis are then defined separately. After that, the three parts are joined with revolute joints. The whole system is not balanced because of gravity. When the helicopter is hovering, it is a balanced system since gravity is equal to the lift. Setting the initial lift and torque to trim the system leads the helicopter being a balanced system. Then, by focusing the motion of the helicopter at the equilibrium point, it is known that the helicopter system is controlled by four variables respectively: the thrusts of the main rotor and tail rotor, and the lateral and longitudinal cyclic pitches. The thrusts of the main rotor and tail rotor correspond to the main rotor collective pitch and the tail rotor collective pitch. The lateral and longitudinal cyclic pitches reflect the changes of the Ó 2012 The Japan Society for Aeronautical and Space Sciences torque on the main rotor. The blade pitch angle as a function of its position around the hub is described by
where Â 0 is the average pitch angle, which is set by the collective control input, and A 1 and A 2 , the coefficients of the cosine and sine terms, are the amount of blade pitch the blade undergoes when it is located above the tail and on the right-hand side, respectively.
Control System
In this section, the control system is designed based on the helicopter model shown in Fig. 1 . Common control methods for small unmanned helicopters are divided into two categories: the conventional control and modern control. Here, conventional control is used to design the control system. The altitude angle, yaw angle, forward and lateral positions as the control variables. Where, the altitude and the yaw angle can be controlled directly by the Proportional Integration Differential (PID) approach and the forward and lateral positions by the nesting PID approach. The inner and outer loops control the attitude and position of helicopter, respectively.
The control of altitude is implemented by controlling the collective pitch with the PID approach. The difference between the respective and the current altitudes is executed via PID operation, and is then limited in the specified amplitude range. If the calculated value is more than all the set points, the controller is instructed to output the maximum value among the set points, and if less, output the minimum, or else output the calculated value from the PID operation directly. The step response of altitude is shown in Fig. 2 .
The control of yaw angle is implemented by adopting the PID approach to control the torque of the tail rotor. In the process of changing the direction, to avoid significant changes in the dynamics properties of the helicopter, the control of the yaw angle must modify the heading of the helicopter slowly. The step response of yaw angle is shown in Fig. 3 .
The control of the helicopter position is implemented by means of the structure in which the inner and outer loops control the attitude and position, respectively. The attitude control system must be designed first with high precision because the control of attitude is fundamental and influences the effect of the position control. Here the PID approach is adopted to control the attitude angles. Since the helicopter must have fast response to the attitude angles, the parameters of PID should be set properly so that the pitch and the angles can be modified in a short time. The step responses Step response of altitude. Fig. 3. Step response of yaw angle.
Yaw angle response is indicated by a dashed line, the roll angle by a solid line, and the pitch angle by a dash-dot line. The control of the outer loop toward the helicopter position is implemented with the PID approach to control the forward and the lateral positions, respectively. For instance, the control of the forward position is implemented by calculating the control instructions toward attitudes. Firstly, the respective value of the forward position is subtracted from the current value. The difference is multiplied with the coefficient of K p , and then the product of the current velocity of helicopter and the parameter K d added to compute the instructions toward attitudes. The final result should not be output to the control system of attitude. It should be transferred to the inner loop of the attitude control system after being limited in the specified range of amplitude. A good effect of position control can be achieved by selecting proper parameters of K p and K d in the control of the inner loop. The simulation effect of the position control is shown in Fig. 6 .
Navigation System
It is necessary to develop a corresponding navigation system so that the unmanned helicopters can fly autonomously.
Expression of waypoints
Here, a six-dimension vector is used to express a point as [north, east, height, heading, hover time, index num]. North represents the position toward the north, east represents the position toward the east, height is the altitude of the helicopter, heading is the yaw angle, hover time is the time the helicopter hovers at the point, and index num represents the serial number of the next point toward which the helicopter is going to fly.
The hover time in a vector represents the time of helicopter hovering. If hover time equals 0, it means the helicopter cannot hover at this corresponding point and will fly toward the next point along the track. The heading in a vector represents the yaw angle of the helicopter when it is hovering at this point. If heading equals 0, it means the helicopter keeps the preceding heading. The index num in a vector represents the serial numbers of the points which the helicopter will arrive at along the track. For instance, the track point (50, 50, 50, 0, 10, 0) means the helicopter will fly toward the position which is 50 m from the origin point toward the north, 50 m from the origin point toward the east and 50 m off the ground, keep hovering with the preceding heading for 10 min, and then fly to the next point in the sequence along the track.
Rules of logics
Along the track, the flight of the helicopter must obey the following rules: first of all, the information of the current waypoint and the current position of the helicopter are read, and then the difference of the heights and the control value of the pitch and roll angles are computed. It is then judged whether the three values computed are in the preset range. If so, this confirms that the helicopter has arrived at the waypoint. If this is not the case, the above procedure is continued until arrival. Finally, it is judged whether the hovering time or hover time is 0. If so, the helicopter proceeds to the next track point. If this is not the case, the heli- Step response of roll angle.
Roll angle response is indicated by a solid line, the pitch angle by a dashdot line, and the yaw angle by a dashed line. Fig. 6 . Shift of the helicopter in the ground coordinate system. North position of the helicopter is indicated by a solid line, the east position by a dash-dot line, and the height by a dashed line. copter continues hovering with the preceding heading until the hovering time is over, and then proceeds to the next track point.
Simulation
First of all, the helicopter starts at the origin point, then flies in the sequence (100, 0, 25, 0, 0, 0), (100, 100, 25, 0, 0, 0), (0, 100, 25, 0, 0, 0), (0, 0, 25, 0, 0, 0). Figure 7 shows the changes of the pitch and roll angles during the flight. Figure 8 shows the curves that represent the height and the distances from the origin point toward the north and the east, respectively. Figure 9 denotes the trajectory of the practical flight under the simulation. The preset radius is approximately 15 m.
Input Peripherals and Virtual Scene System
The peripheral input and the virtual scene system are developed to visualize the output effect of the whole control The virtual scene of the helicopter system is developed by means of professional software such as Multigen Paradigm Vega. Here, a simple approach by means of the Virtual Reality Toolbox in Matlab is utilized to construct a virtual scene. The output information of the helicopter model in Simulink can be transferred by simple coordinate transformation through the user-friendly interface between the toolbox and Simulink. The roll, pitch and yaw angles, height, climbing rate, velocity and other items can be displayed respectively by means of the Dials & Gauges Blockset.
Conclusion
The development of a simulation system for unmanned helicopters was investigated in this paper. By constructing the mathematical model, control system, navigation system, input peripheral and virtual scene system of the helicopter, the whole system was integrated effectively, which allows the flight control properties of the helicopter to be displayed visually in two different modules as manual and automatic ones, and leads to helpful guidance for the development of real helicopter control systems. Figure 11 shows the realtime trajectories in the screen of the ground control station, the five small circles denote the planned waypoints, and the dotted line shows the planned route. The helicopter flew with the pitch, roll and yaw command according to the planned waypoints, and the solid line shows the actual flight trajectory. We can see that the helicopter almost accomplished the flight according to the programmed trajectory. Due to the wind, the actual flight was not a beeline. Based on the analysis of the two trajectories, the position could be controlled well, which demonstrates the validity of the proposed control strategies and mathematical model, and comprehensively proves that the proposed simulation system is valid in theory and practice.
